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Department of Physics and Astronomy, Rice University, Houston, TexasABSTRACT Recently we have studied thermodynamics of membrane-mediated b-amyloid formation in equilibrium experi-
ments using penetratin-lipid mixtures. The results showed that penetratin bound to the membrane interface in the a-helical
conformation when the peptide/lipid (P/L) ratios were below a lipid-dependent critical value P/L*. When P/L reached P/L*, small
b-aggregates emerged, which served as the nuclei for large b-aggregates. Here we studied the corresponding kinetic process to
understand the potential barriers for the membrane-mediated b-amyloid formation. We performed kinetic experiments using giant
unilamellar vesicles made of 7:3 DOPC/DOPG. The observed time behavior of individual giant unilamellar vesicles, although
complex, exhibited the physical effects seen in equilibrium experiments. Most interestingly, a potential barrier appeared to block
penetratin from translocating across the bilayer. As a result, the kinetic value for the critical threshold P/L* is roughly one-half of
the value measured in equilibrium where peptides bind symmetrically on both sides of lipid bilayers. We also investigated the
similarity and differences between the charged and neutral lipids in their interactions with penetratin. We reached an important
conclusion that the bound states of peptides in lipid bilayers are largely independent of the charge on the lipid headgroups.INTRODUCTIONIn their seminal article that laid the fundamental concept for
b-amyloid formation, Jarrett and Lansbury (1) pointed out
that the state of proteins often reflects a kinetic effect rather
than that of true thermodynamic equilibrium. In a previous
study (2), we used penetratin as a model to study the mem-
brane-mediated version of nucleation-dependent amyloid
formation. Using peptide-lipid mixtures, we measured the
peptide conformation as a function of the peptide/lipid ratio
(P/L) and found a well-defined a/b conformation transi-
tion as P/L approaches a critical value P/L*. The conforma-
tion transition correlated with peptide’s effect on membrane
thinning. The peptide thinned the membrane in its a-helix
conformation but reversed the thinning effect when it began
to form b-aggregates. We would like to ask the following
questions:
Will the kinetic process of membrane-mediated amyloid
formation follow the same P/L dependence?
Will the potential barriers of the kinetic process obscure
the energy levels of peptide conformations seen in
equilibrium?
This last question is relevant to the studies of membrane-
active peptides in general, where disagreements between
kinetic and equilibrium measurements are often the source
of confusion. To answer these questions, we observed the
kinetic transition of penetratin from its monomeric solution
state to b-amyloid via its binding to a giant unilamellar
vesicle (GUV). The results of kinetic experiments are usually
complex, but with the reference to the equilibrium studies,
the complex behavior can be made comprehensible. In
particular, the difference on the P/L dependence betweenSubmitted March 12, 2010, and accepted for publication April 23, 2010.
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potential barrier for peptide translocation across the lipid
bilayer.
As far as we know, there have not been many direct
comparisons between kinetic experiments and corresponding
equilibrium experiments in peptide-membrane interactions.
To make such a comparison, a common quantity must be
measured in both. The fractional membrane thickness
changes that can be measured in equilibrium by x-ray
diffraction and the fractional membrane area changes that
can be measured in kinetics by GUV experiment are directly
related. It is by this relation we were able to make a direct
comparison between the kinetic and equilibrium measure-
ments.
The peptide penetratin (3) and b-amyloid protein 1-40
(Ab 1-40), the major component of Alzheimer’s disease
amyloid plaque (1) exhibited the same membrane-mediated
conformation changes. Both peptides are random coils in
solution but change to a-helical or b-like conformations in
the presence of negatively charged lipid membranes. Both
peptides change from a/b conformations as the lipid
charge increases or as the peptide concentration increases
(4–9). However, kinetic experiments with Ab 1-40 are diffi-
cult due to two intrinsic properties of Ab 1-40. The first is its
small effective net charge (4), that makes its apparent parti-
tion coefficient to anionic lipids three-orders-of-magnitude
smaller than that of penetratin (4,10). The second is its
relatively low critical concentration in solution, ~25 mM
(5). As a result, the experimental concentration of Ab 1-40
has to be kept below 25 mM. The combination of these
two factors made the number of Ab 1-40 bound to a GUV
too small to have observable effect. In contrast, there is no
apparent critical concentration for penetratin in solution,
which makes the peptide convenient for performing GUV
experiments. Because of their similar conformation changesdoi: 10.1016/j.bpj.2010.04.045
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tative for studying the membrane-mediated amyloid forma-
tion of Ab 1-40.
Penetratin has long been studied as a cell-penetrating
peptide (11–14). We found interesting contrast between the
kinetic behavior of this cell-penetrating peptide and that of
antimicrobial peptide melittin (15).EXPERIMENT
Materials
Quantities of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-(10-rac-glycerol)
(DOPG), and 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine-n-(Lissamine Rhodamine B Sulfonyl) (Rh-DOPE)
were purchased from Avanti Polar Lipids (Alabaster, AL).
Penetratin (acetyl-RQIKI WFQNR RMKWK K-amide) was
synthesized by GenScript (Piscataway, NJ) to >95% purity.
All materials were used as delivered.Sample preparation for x-ray diffraction
and circular dichroism
Penetratin was first dissolved in tetrafluoroethylene. Appro-
priate amounts of penetratin and lipid of chosen peptide/lipid
molar ratio, P/L, were mixed in 1:1 (v/v) chloroform and
tetrafluoroethylene, and deposited on a thoroughly cleaned
flat substrate (0.3 mg of lipid on 1 cm2 of silicon wafer for
x-ray or quartz plate for circular dichroism (CD)). After
the solvent was removed in vacuum, the samples were
hydrated by saturated water vapor at 35C overnight (16).
The results were well-aligned, parallel, hydrated bilayers as
proven by x-ray diffraction. The samples were kept in a
temperature humidity chamber during the measurement.
All experiments were performed at 25C.X-ray lamellar diffraction
Theu-2q diffractionwas collected on aDiffractus 581 (Enraf-
Nonius, Delft, The Netherlands) and a four-circle goniometer
(Huber Diffraktionstechnik, Rimsting, Germany), with a line-
focused Cu Ka source (l ¼ 1.542 A˚) operating at 35 kV and
15–30mA. The incident beamwas collimated by a horizontal
soller slit and two vertical slits on the front and the back sides
of the soller slit. The horizontal and vertical divergences of
the incident beam were 0.23 and 0.3, respectively. The
diffracted beam first passed through a vertical slit and then
was discriminated by a bent graphite monochromator before
entering a scintillation detector, which was biased to discrim-
inate against higher harmonics and fluorescence. This diffrac-
tometer was designed to minimize the background signal,
which in turn allowed the measurement of high diffraction
orders.
An attenuator was used to prevent the first-order Bragg
peak from saturating the detector. Each u-2q scan wasperformed from u ¼ 0.5 to u ¼ 6.5 with a step size of
Du ¼ 0.01 (for details see (17)). The scan was repeated
3–5 times for each hydration level and then averaged for
data analysis. To use the swelling method (18) for the deter-
mination of the diffraction phases, each sample was scanned
at several different hydration levels. Unlike neutral lipids,
charged lipids tend to absorb excessive water. Pure DOPC/
DOPG 7:3 became fully hydrated at 96% relative humidity
(RH). At higher RH, the diffraction pattern showed broaden
peaks and diminished high Bragg orders, indicating undula-
tion fluctuations of bilayers as in excessive water (19). For
samples of P/L ¼ 1:50 and 1:30, the full hydration was
reached at 96% RH; P/L ¼ 1:20 at 92% RH.
The procedure of data reduction was described in many of
our previous works (17,20). Briefly, the measured diffraction
intensity was first corrected for the attenuator absorption and
for the detector’s dead-time factor. After removing the back-
ground, data were corrected for sample absorption and
diffraction volume. The integrated peak intensities were
then corrected for the polarization and the Lorentz factors.
The relative magnitude of the diffraction amplitude was
the square-root of the integrated intensity. The phases were
determined by the swelling method (18,20). With their
phases determined, the diffraction amplitudes can be used
to reconstruct the electron density profile of the bilayer.CD spectra
Spectra were measured in a model No. J-810 Spectropo-
larimeter (JASCO, Tokyo, Japan). The substrates were
oriented normal to the incident light as for the measurement
of oriented circular dichroism (21); however, no change of
peptide orientation was detected during the changes of
temperature or humidity. The background spectrum for
each sample was the spectrum for the same amount of lipid
on the same substrate. After the background correction, the
spectra of different P/L were normalized by the concentra-
tion of penetratin in each sample.GUV experiment
The experiments were performed as described in Sun et al.
(22). Briefly, GUVs of chosen lipid composition (7:3
DOPC/DOPG or pure DOPC) plus 0.5 mol % Rh-DOPE
were produced in 210 mM sucrose solution by electroforma-
tion (22), and were transferred to a control chamber contain-
ing 200 mM glucose and 10 mM HEPES (pH 7.0). A GUV
was aspirated by a micropipette with a small constant
sucking pressure (~100 Pa producing a membrane tension
~0.4 mN/m) in the control chamber and then transferred,
via a transfer pipette (22), to the observation chamber
containing 200 mM glucose, 10 mM HEPES, and penetratin
at specified concentrations. The osmolality of every solution
used in the GUV experiment was measured by a model
No. 5520 dew-point Osmometer (Wescor, Logan, UT).Biophysical Journal 99(2) 544–552
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was maintained throughout the experiment. The experiment
was recorded by fluorescence image using a CoolSNAP
HQ2 camera (Nikon, Tokyo, Japan). The phase contrast
between the sucrose solution inside the GUV and the glucose
solution outside was inspected during many randomly
chosen runs to ensure that no change occurred.
Each GUV was observed for ~10 min after the transfer to
the observation chamber, unless it was ruptured. However,
the GUV response was analyzed only for the first 5 min,
because the osmolality balance could not be guaranteed after
~5 min due to water evaporation.
RESULTS
Aggregations in multilayers
In previous experiments (2), the peptides aggregates in
neutral lipid multilayers were not visible under the micro-
scope. The b-aggregates were inferred by the CD spectra
(2). In contrast, the aggregates in the multilayers of anionic
lipid mixture DOPC/DOPG 7:3 were visible, at first under
microscope (Fig. 1, top) and then, as their size grew bigger,
by naked eyes. The aggregates appeared only in samples of
P/L above the critical concentration P/L* ~ 1:20. No aggre-
gates were seen in the samples with P/L% 1:20. One sample
of P/L ¼ 1:15 showed aggregations but another did not.FIGURE 1 (Top) Microscopic (white light) images of DOPC/DOPG 7:3
multilayers containing penetratin at P/L ¼ 1:12 (left) and at P/L ¼ 1:10
(right). The images were taken two days after sample preparation. The scale
bar ¼ 1000 mm. (Bottom) The CD spectra changed with time: example,
P/L¼1/10, measured at the time shown after sample preparation.
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progressed slowly. Small aggregates began to appear a few
hours after the sample preparation, and grew larger with
time. The CD spectrum of one sample was recorded contin-
uously for two days (Fig. 1, bottom). At first, the spectrum
was a-helical and no aggregates were seen. After a few
hours, the spectrum changed to b-like and aggregates were
visible under the microscope. Within the next day, the
b-like spectrum kept losing its intensity and aggregates
became bigger. Finally, the CD reappeared as an a-spectrum
but its intensity was much smaller than the initial a-helical
spectrum. Different samples changed at different time-rates
and the aggregation size also varied, but the pattern of
change remained the same as described. The samples seemed
to stop changing after 2–3 days when the aggregates were
spatially separated by an average distance larger than the
size of the aggregates.CD spectra
CD spectra for one series of DOPC/DOPG 7:3 with P/L ¼
1:50, 1:30, 1:20, 1:15, 1:12, and 1:10 are shown in Fig. 2
(top). The spectra were measured two days after the sample
preparation. The aggregation patterns of P/L¼ 1:12 and 1:10
are shown in Fig. 1. This P/L ¼ 1:15 sample (whose CD is
shown in Fig. 2) did not show visible aggregations, although
one other P/L ¼ 1:15 sample did. None of the other samples
showed aggregations. The CD spectra were all a-helical-like.
In view of the evidence shown in Fig. 1, this indicated that
b-aggregates did not contribute to the measured CD due to
either light absorption or scattering by the aggregates (21).
The intensities of the CD shown in Fig. 2 were normalized
by the peptide concentration in each sample. Within the
experimental error for CD intensity (~10%, mainly due to
the sample thickness variations), the spectra of penetratin
for P/Ls below 1:20 are essentially the same, i.e., the
peptides in these samples were all in the a-helical conforma-
tion. In P/L ¼ 1:12 and 1:10; only a small fraction of the
peptides were in the a-helical conformation, as indicated
by their diminished intensities. The rest of the peptides
formed b-aggregates that did not contribute to the CD.
P/L ¼ 1:15 might have small, invisible b-aggregates, hence
somewhat smaller a-helical CD compared with P/L% 1:20.
In Fig. 2 (bottom), the P/L dependence of the penetratin
conformation in DOPC/DOPG 7:3 is compared to that in
pure DOPC (2). They are the same within measurement
errors.X-ray diffraction
The electron density profiles constructed from x-ray diffrac-
tion are shown in Fig. 3 (top). Each profile peaks at the posi-
tion of the phosphate group on each side of the bilayer, even
if peptides are embedded in the bilayer. This is because
diffraction originates from electron density correlations.
FIGURE 2 (Top) CD spectra for one series of DOPC/DOPG 7:3 with
P/L ¼ 1:50, 1:30, 1:20, 1:15, 1:12, and 1:10, measured two days after the
sample preparation. After the removal of lipid background, spectra were
normalized according to the peptide density. (Bottom) The fraction of
penetratin in the a-helical conformation as a function of P/L. The peptides
in b-aggregates did not contribute to the CD spectra due to the ultraviolet
absorption or scattering by the aggregates. The average spectrum of
P/L ¼ 1:50, 1:30, and 1:20 spectra was taken as the spectrum for 100% in
the a–helical state. The percentage was defined by the ratio of the spectral
intensity relative to this 100% spectrum. The data for DOPC were repro-
duced from Lee et al. (2) for comparison.
FIGURE 3 (Top) Electron density profiles across one unit cell obtained
from x-ray diffraction for DOPC/DOPG 7:3 with P/L ¼ 0, 1:50, 1:30, and
1:20. (Bottom) The peak-to-peak (PtP) distance of the electron density
profile as a function of P/L. The data for DOPC were reproduced from
Lee et al. (2) for comparison.
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tion from layer to layer, therefore do not contribute to the
measured electron density profile (2). Thus, the peak-to-
peak distance (PtP) corresponds to the phosphate-to-phos-
phate distance across the bilayer, which is used as a measure
of the bilayer thickness. Fig. 3 (bottom) shows the PtP for
P/L from 0 to 1:20. We did not measure x-ray diffraction
for P/LR1:15, because once samples developed aggregates,
they were no longer well defined for x-ray analysis (23). The
error for PtP was estimated to be ~50.1 A˚ from reproduc-
ibility using multiple samples.
The bilayer of DOPC/DOPG 7:3 (PtP¼ 37.8 A˚) is thicker
than pure DOPC bilayer (PtP ¼ 37.0 A˚). The degree of thin-
ning per peptide in the former is somewhat smaller than that
in the latter (Fig. 3). However, the overall thinning pattern is
similar in both cases.
The changes of bilayer thickness occur in the chain region
(between the two interfaces of the bilayer). The thickness ofthe chain region h is obtained from PtP by hz PtP  10 A˚
(see (24) for detailed discussions on this relation). Because
the volumetric compressibility of lipids is exceedingly small
(~5  105 atm1 (25)), the fractional thickness decrease
Dh/h is effectively equal to the fractional membrane area
expansion DA/A. This relation will be used to relate the
membrane-thinning to the area-expansion measured in the
GUV experiment.GUV experiments
The aspiration experiment was designed so that a change
of the area/volume ratio in the GUV could be measured
by the change of the protrusion length in the micropipette.
A GUV was initially aspirated by a micropipette at a tension
~0.4 mN/m. It was then transferred to the observation
chamber and exposed to the penetration solution when the
transfer pipe was removed (22). As penetratin diffused andBiophysical Journal 99(2) 544–552
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as P/L increased in time. There were two definitive types
of response for high and low penetratin concentrations,
respectively.
For low penetration concentrations%0.08 mM, the protru-
sion length in themicropipette simply increasedwith time and
reached a plateau ~200–300 s after the exposure to peptide
solution (Fig. 4). The GUVs were observed for another
5 min. In all cases, the protrusion length did not decrease
and no aggregations occurred. For high penetration concen-
trations R0.6 mM, the protrusion length first increased, but
within ~40 s (for 0.6 mM) or ~5 s (for 6 mM), it began to
decrease. Soon after the protrusion length began to decrease,FIGURE 4 (Top panels) Fluorescence images of a GUV exposed to pene-
tration concentration 0.6 mM in time sequence. (Top, left) For t ¼ 0, the
protrusion length was caused by aspiration; thereafter, the pressure inside
the micropipette was held constant. (Top, center) For t¼ 68 s, the protrusion
length reached the maximum. (Top, right) For t ¼ 112 s, the protrusion
length decreased and aggregates appeared on the GUV surface. (Center
panel) The measured protrusion length was converted to the fractional
area change DA/A plotted versus time for representative runs at penetratin
concentrations R0.6 mM or %0.08 mM. (Bottom panel) Histogram for the
maximum values of DA/A among 14 high concentration runs (R0.6 mM).
Each column represents the number of runs with the maximum value of
DA/A falling in the range indicated by the x axis. The scale bar ¼ 20 mm.
Biophysical Journal 99(2) 544–552aggregates appeared on the surface of the GUV (Fig. 5). After
the protrusion length decreased to zero, the changes in the
GUV surface area were no longer detectable (indicated by
horizontal data points in DA/A versus time in Fig. 4).
For intermediate penetratin concentrations 0.1–0.3 mM,
the GUV responses could be either of the low-concentration
type or the high-concentration type, and sometimes a com-
bination of the two. That is, the protrusion length increased,
decreased, and increased again (not shown). Whenever
the protrusion length decreased, concurrently aggregations
appeared.
The aggregates moved around the surface of the GUV.
Whenever the aggregates appeared on the equator of the
GUV (where the microscopic focal plane was set), they
could be seen clearly that they were on the outer surface,
never on the inner surface (Fig. 5, bottom). This was most
clear if seen in time-sequence as the aggregates moved
around. Occasionally the aggregates came off the GUV
and they always came off outside the GUV, never into the
interior of the GUV (Fig. 5, top).DISCUSSION
Neutral lipid versus anionic lipids
In our previous equilibrium experiment on penetratin-lipid
interactions (2), we investigated four different neutral lipids—
i.e., DOPC, 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine
(SOPC), 1-oleoyl-2-myristoyl-sn-glycero-3-phosphocholine
(OMPC), and DMPC. It would be desirable to study the corre-
sponding kinetics of penetratin against these neutral lipids.
Unfortunately, the binding of penetratin to neutral lipids was
simply too slow for kinetic observation. Fig. 6 compared the
response of GUVs made of DOPC to the response of GUVs
made of DOPC/DOPG 7:3. Even at a peptide concentration
103 times higher, the response of DOPC is still several timesFIGURE 5 Images of aggregates. (Top) Two fluorescence images
showing aggregates coming off the GUV. The right image was 5 s after
the left image. (Bottom) Fluorescence images of aggregations appeared in
three different GUVs. Because the aggregates moved around, from the
time sequences of the images (not shown), one could tell they were all on
the GUV surfaces. On the equators (the focal plane), one could tell they
were on the outer surface. The scale bar ¼ 20 mm.
FIGURE 6 Comparison of the responses by neutral lipid (DOPC)
GUVs (open symbols) and by charged lipid (DOPC/DOPG 7:3) GUVs
(solid symbols) exposed to various penetratin concentrations. Note that the
penetratin concentrations used for neutral lipid are 103 higher.
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imental time of ~5 min.
Isothermal titration calorimetry measurement by Persson
et al. (10) showed that anionic headgroups served the function
of attracting the cationic peptides to the vicinity of the GUV.
However, the subsequent binding to the bilayer interface
was essentially independent of whether the lipid was charged
or neutral (10,26,27). We now compare the behavior of pene-
tratin in DOPC and in DOPC/DOPG 7:3 after they bound to
the bilayers. The CD and x-ray diffraction results show that
the basic phenomenon was the same in both cases. The initial
binding thinned the membrane linearly with P/L, and in this
region the peptide was in the a-helical conformation (Figs. 2
and 3). There are small quantitative differences. The slope of
PtP versus P/L or the degree of thinning per peptide is slightly
larger in neutral lipid than in the charged lipid (Fig. 3). For
neutral lipids, we found that the maximum thinning was coin-
cidental with the critical P/L* above which b-aggregates
began to appear. This is also the case for charged lipids. The
points of maximum thinning were not determined precisely
because only finite numbers of P/L values were measured.
However, it is clear that the P/L* for both cases are above
but close to 1:20. Above P/L*, the fraction of peptide that
remained in the a-helical form as a function of P/L (Fig. 2)
is also similar between the neutral and anionic lipids.
The most interesting difference between neutral and
charged lipids is in the formation of b-aggregations. In
neutral lipids, we could detect the change of peptide confor-
mation from a to b, but aggregates were not visible. In
contrast, anionic lipids apparently became part of the aggre-
gate. This process also included neutral lipids, as the lipid
dye (0.5% in the lipid composition for GUV) was clearly
accumulated in the aggregates (Figs. 4 and 5). As a result,
the aggregates in anionic lipid bilayers grew to micron size.
From the similarity of CD and x-ray results between
neutral and anionic lipids, we reach an important conclusion
that after the initial binding, the peptide-lipid interaction is
largely independent of the charge on the headgroup. In all
the lipids we have studied, whether neutral or anionic,
penetratin was bound to the bilayer interface and was inthe a-helical form until P/L reached a lipid-dependent critical
value P/L*. This interfacial interaction facilitates the forma-
tion of b-amyloid (2).Peptide aggregates in lipid multilayers
According to the concept of b-amyloid (1), once the peptides
form a nucleus it is thermodynamically favorable for the
peptide monomers to bind to the nucleus and subsequent
aggregates. The larger the aggregates, the lower the binding
energy becomes, due to the larger numbers of binding
contacts. Thus, theoretically, once P/L exceeds the critical
P/L*, we should expect all peptides to be turned into
b-aggregates (with the exception of a small number of mono-
mers due to the entropic effect.) However, in lipid multi-
layers, the b-aggregation proceeded rather slowly due to
the restricted mobility of the peptide molecules. The progress
of aggregation in a P/L¼ 1:10 sample (of DOPC/DOPG 7:3)
was monitored by its CD spectra shown in Fig. 1. (We found
that the rate of aggregation varied with samples; the times
shown in Fig. 1 could vary by a factor as much as 2 in
different samples.) Directly after the sample preparation,
the peptides were all still in the a-helical state. But within
a few hours, the spectrum became b-like (or a-b mixture
but strongly b-like; we do not believe that a standard CD
spectral decomposition analysis is meaningful for short
peptides (2)). At this point, no aggregates were visible under
microscope. The intensity of this b-like spectrum decreased
with time. This corresponded to the appearance of visible
aggregates, which were at first of small size and which
grew larger with time. Apparently large aggregates absorbed
or scattered UV light and therefore did not contribute to the
CD spectrum. Finally, after two days or so, the spectrum
became a-helical with a much smaller intensity. Under the
microscope, the sample showed evenly spaced large aggre-
gates (Fig. 1, top). Thereafter, both the spectrum and the
appearance of aggregates were stable.
This observation indicates that all penetratin molecules
bound to lipid bilayers initially in the a-helical conforma-
tion, irrespective of the concentration. But if P/L was>P/L*,
the peptides then aggregated into the b-form. The aggregates
apparently incorporated the lipid mixtures as pointed out in
the Results. At first, aggregates were small. But as they
accumulated more monomers and coalesced with each other,
the aggregates finally separated by distances greater than
their range of mobility. Therefore, the final aggregation
size is determined by the local peptide concentration or
P/L, as exampled in Fig. 1.Kinetics of membrane-mediated b-aggregation
The GUV aspiration experiment was designed to measure
the change of the area/volume ratio of the GUV (28). It is
important to know that one of the two variables, area or
volume, is constant during the change so that the otherBiophysical Journal 99(2) 544–552
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the GUV and an isotonic glucose solution outside to provide
a refractive index contrast, and monitored the phase contrast
for a possible change of the GUV content. In all the cases we
have examined we did not detect a change of phase contrast
during the experiment. We also performed the same experi-
ment with isotonic sucrose solutions both inside and outside.
If there were any leakage in the GUV, for instance by small
pores, the effect of glucose-sucrose exchange must be
stronger than the effect of sucrose-sucrose exchange due to
the difference in the molecular weights of the two sugars
(15). We found no difference in the GUV responses between
these two experiments. We therefore concluded that there
was no volume change in the GUVs during our kinetic
experiments. This is consistent with previous studies
(10,29,30) finding that penetratin did not cause leakage or
form pores in membranes.
From the image of GUV we measured the protrusion
length Lp inside the micropipette, the GUV radius Rv, and
the pipette radius Rp. From the geometry of the GUV one
finds the change of membrane area A by DA ¼ 2pRpDLp þ
8pRvDRv, and the change of the GUV volume V by (28)
DV ¼ pR2pDLp þ 4pR2pDRv:
Under the condition DV ¼ 0, the value DLp is directly
proportional to DA:
DA ¼ 2pR2p

1 Lp=Rv

DLp:
When a GUV is exposed to a penetratin solution at t¼ 0, the
bound peptide/lipid ratio P/Lwill increase with time from the
initial condition of P/L ¼ 0. We found the responses of
GUVs fell into two different types in high and low penetratin
concentrations, as described in the Results. We first discuss
the high concentration case (R0.6 mM) in which aggrega-
tions occurred. Generally speaking, the kinetic behavior
of GUVs was consistent with what we would expect from
the equilibrium experiments. As P/L increased, Lp also
increased, which implied an area increase. Because
DA=A ¼ Dh=h
as mentioned in the Results, the area increase corresponded
to the membrane thinning measured by x-ray in the low P/L
region (Fig. 3). Then Lp increase reached the maximum,
corresponding to the maximum thinning at P/L*. Further
increase in P/L caused a decrease of Lp, corresponding to
the decrease in membrane thinning, which was measured
in neutral lipids (Fig. 6 of (2)) but could not be measured
for charged lipids. Concurrently, aggregates appeared on
the GUV surface, corresponding to b-aggregate formation
as observed in multilayers when P/L exceeded P/L*
(Fig. 1). The aggregates appeared on the outer surface of
the GUV (Fig. 5); most stayed on the outer surface, but
some came off the GUV outer surface (Fig. 5, top). ThisBiophysical Journal 99(2) 544–552explained why the Lp decreased to a value shorter than its
initial length at t ¼ 0 (shown as DA/A in Fig. 4), because
GUV lost some lipids to the aggregates.
On the other hand,when the penetratin concentrationswere
low (%0.08 mM), Lp simply increased to a plateau value.
Consistently, no subsequent Lp decrease was observed, nor
did aggregation occur. Between the high and low concentra-
tion regions, the GUV response could be of either type, most
likely due to the probabilistic nature of the actual P/L values
on the GUV. Thus, in all cases, the kinetic behavior of the
penetratin-GUV interaction was driven by the variable P/L,
consistent with the changes of equilibrium state as a function
of P/L.
Because the aggregates appeared on the outer surface or
came off the outer surface of the GUVs, penetratin appeared
not to have translocated across the bilayer. The maximum of
the protrusion length increase corresponded to
DA=A ¼ 1:64%5 0:49%;
averagedover14 runswithpenetratin concentrationsR0.6mM
(Fig. 4). This DA/A value is smaller than the corresponding
value at the maximum membrane thinning,
DA=A ¼ Dh=h ¼ 4:68% 5 0:50%;
measured at P/L* in equilibrium (Fig. 3). This discrepancy is
contrary to the experiments of melittin which formed pores at
a lipid-dependent critical concentration P/L* (15,31). In this
case, the values of DA/A when melittin formed pores in
GUVs were consistent with the value of Dh/h at P/L*
measured in equilibrium (15). The behavior of GUVs with
melittin was also consistent with the assumption that melittin
translocated across the bilayers and distributed symmetrically
on both sides of the GUV bilayers (15). Thus, the asymmetric
distribution of penetratin on the GUV might have caused an
extra stress on the membrane that accelerated the b-formation
at a value of DA/A that was smaller than the corresponding
value DA/A for b-formation in equilibrium.
We now try to understand why the kinetic threshold of
DA/A for a/b transition is smaller than its corresponding
value in equilibrium. In our previous equilibrium studies
(2), we analyzed the peptide transition from the a-state to
the b-state by their respective chemical potentials,
ma ¼ eoa þ ðKa=2ÞASðDA=A
 þ kBT ln Xa
and
mbn ¼ neob þ kBT ln Xn;
where eoa and neob are, respectively, the binding energy
of the a-state and the formation energy of the minimum
b-aggregate consisting of n monomers; the last term in
each chemical potential is the entropic term with
Xa ¼ Na
L
and Xn ¼ Nbn
L
;
Kinetics of Amyloid Formation 551where Nbn is the number of n-meric b-states. What makes
the membrane-mediated b-nucleation different from the
b-nucleation in solution (1) is the additional second term
in ma in the membrane-mediated process, i.e.,
ðKa=2ÞASðDA=AÞ
This is the elastic energy of expanding the monolayer area AS
per peptide when the monolayer area A has already been
stretched by DA. Ka/2 is the monolayer stretch coefficient.
(Ka is the bilayer stretch coefficient; its value is ~240 mN/m
formost common phosphatidylcholines (32)). Themonolayer
expansion per peptide, AS ¼ 68.3 A˚2 for DOPC/DOPG 7:3,
can be measured from the slope of Dh/h versus P/L. (Note
that AS ¼ dA/dP ¼ AL (dA/A)/d(P/L) ¼  AL (dh/h)/d(P/L),
where AL is the cross section area per lipid.)
In the equilibrium analysis, we found that the a/b transi-
tion occurred when this term ðKa=2ÞASDA=A reached a crit-
ical value at P/L*. In the equilibrium measurements, the
peptides were symmetrically bound to both sides of bilayers,
so the peptide bindings were viewed as stretching the mono-
layer to which the peptides were bound. But in the kinetic
experiment, the peptides were bound to the outer monolayer
only, yet both leaflets were stretched. Therefore, for the
GUV experiment, the stretch coefficient should be twice as
large as the value used in equilibrium. That would imply
that, in the GUV experiment, the a/b transition should
occur at a DA/A value one-half of the critical value measured
in equilibrium. This theoretical prediction is in marginal
agreement with the experimental values given above.
On the other hand, at low penetratin concentrations, the
protrusion length Lp increased to plateau values correspond-
ing to DA=A ¼ 2:35% 5 0:43% (averaged over six runs),
larger than the critical DA=A ¼ 1:64% 5 0:49% at high
penetratin concentrations. Such GUV responses at low
peptide concentrations were also found in melittin experi-
ments (15); the DA/A values of GUVs could grow slowly
past the critical value without pore formation. In our case,
the DA/A values of GUVs grew slowly past the critical value
without b-aggregations. We suspect that there might be rate-
dependent potential barriers in the kinetics of peptide-
membrane interactions. We recall that the rupture tension
of GUVs was also found to be rate-dependent by Evans
et al. (33). The origin of rate-dependent potential barriers
is still poorly understood.CONCLUSIONS
One important question about membrane-active peptides is
how their interactions depend on the lipid properties, such
as the lipid charge. Typical membrane-active peptides, e.g.,
antimicrobial peptides and cell-penetrating peptides, are
cationic, whereas the charge on cell membranes is either
neutral or anionic. Accumulated evidence has now clarified
the role of the charge on the lipid headgroup. The charge
on the lipid headgroup could increase the apparent partitioncoefficients to anionic lipids by three-to-five orders of
magnitude over that of neutral lipids (26,34) (note that the
apparent partition coefficients to anionic lipids are not
constant in peptide concentration (26,34).) Persson et al.
(10), Beschiaschvili and Seelig (26), and Wieprecht and
Seelig (34) have shown that if one excludes the effect of
the electrostatic attraction, the surface partition constants
(i.e., that measured from the peptide concentration near the
vesicle surface) to neutral and anionic lipids are almost the
same. The next question is how the peptide interaction after
binding depends on the lipid charge. Tamba and Yamazaki
(35) have shown that the rate of pore formation by antimicro-
bial peptide magainin is the same on neutral or anionic lipids,
if the peptide concentrations on the surface of the vesicles are
the same. Our study here showed that penetratin interactions
with DOPC and DOPC/DOPG, both inducing b-amyloid
formation via membrane thinning, are closely similar.
Peptide-lipid interactions after the interfacial binding typi-
cally manifest in membrane thinning and a transition of
peptide from its interfacial binding state, to pore formation
in the case of antimicrobial peptides or to b-aggregates in
the case of penetratin. These after-binding peptide-lipid
interactions are largely independent of the charge on the lipid
headgroups.
Kinetic processes are often dominated by potential
barriers that are absent in equilibrium measurements. There-
fore, superficial comparison of kinetic and equilibrium
results could lead to contradictions. Here we show that
kinetic experiments with GUVs can be directly correlated
to equilibrium measurements of peptide-lipid mixtures
through the variable DA/A. The same correlated studies
were previously performed with melittin. The comparison
of these two cases revealed a striking difference between
these two peptides. In the case of melittin, the critical value
of DA/A when melittin formed pores in GUVs was the same
as measured in the peptide-lipid mixtures (15). In the case of
penetratin, the critical value of DA/A when penetratin
changed from a-monomers to b-aggregates in GUVs is
roughly one-half of the critical value measured in peptide-
lipid mixtures. The crucial difference seems to be whether
the peptide translocates across the bilayer after binding.
Melittin seemed to have translocated and distributed sym-
metrically across the bilayer of the GUV. In contrast, pene-
tratin appeared to have bound to the outer leaflet of the
bilayer without translocation. As a result, the elastic energy
of membrane expansion per peptide incurred by penetratin
in asymmetric binding is twice as large as the value for
symmetrically bound penetratin. Superficially, penetratin
and melittin are similar except for their charge densities:
7þ out of 16 amino acids for penetratin and 6þ out of 26
for melittin. Melittin is a pore-forming peptide, penetratin
is not (10,29,30). Whether the charge density is the key
parameter that makes the properties of these two peptides
so drastically different in their interactions with membranes
is an intriguing question.Biophysical Journal 99(2) 544–552
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